The transcription elongation complexes yFACT, Spt4/Spt5, and Spt6/Iws1 were previously shown to follow similar patterns of association across transcribed genes in Saccharomyces cerevisiae. Using a histone H3 mutant, we now provide evidence that the mechanism of association of yFACT across genes is separable from that adopted by Spt4/Spt5 and Spt6/Iws1.
In recent years, it has become clear that the transcription elongation process in eukaryotic cells is highly dynamic, requiring the contributions of many elongation factors possessing a variety of biochemical activities. Many of these factors have been shown to promote changes, either directly or indirectly, in the structure of chromatin to facilitate passage of RNA polymerase II across transcribed genes and, in certain cases, to prevent the inappropriate initiation of transcription within open reading frames (ORFs) (6, 10, 26) . Although a number of studies have defined some of the physical interactions that occur between elongation factors (for some examples, see references 14, 21, and 23, and for a review, see reference 15) , little is known about the mechanisms that control how these factors are recruited to, retained on, and removed from transcribed units in vivo. In particular, the interdependent relationships between different factors for chromatin association, especially in cases involving factors that are essential for cell viability, still remain to be elucidated.
We recently showed that the distribution of the Spt16 component of the Saccharomyces cerevisiae FACT complex (yFACT) across transcribed genes is affected by the histone H3 mutant H3-L61W, resulting in lower Spt16 occupancy at 5Ј regions of ORFs and in a marked accumulation at 3Ј regions of transcribed units (4) . To determine if H3-L61W affects chromatin association of Spt16 in the context of yFACT, we performed chromatin immunoprecipitation (ChIP) experiments directed against the Spt16 and Pob3 subunits of yFACT and assessed their levels of binding to three regions across the constitutively expressed PMA1 and ADH1 genes in wild-type and H3-L61W cells. ChIP experiments were carried out as described previously (17) . Spt16 precipitation was carried out using polyclonal rabbit antibodies specific to Spt16 (a gift from Tim Formosa), and Pob3 precipitation was performed using immunoglobulin G (IgG) Sepharose (GE Healthcare) since Pob3 harbored a tandem affinity purification (TAP) tag containing two IgG binding domains of Staphylococcus aureus protein A (Open Biosystems). Control experiments were carried out to ensure that the ChIP signals observed were dependent on the specific antibodies used or on the presence of the TAP tag (data not shown). The amount of DNA was quantified by quantitative PCR, using a MiniOpticon system from Bio-Rad. Since we were interested in interactions between genotypes (wild type versus H3-L61W) and between different locations across genes, we analyzed the results by two-way analysis of variance. Data sets that did not show homogeneity of variances were log 10 transformed prior to analysis. A statistically significant genotype X location interaction indicates a change in the distributional pattern of a particular elongation factor across the gene analyzed.
As expected, and consistent with previous reports (4, 13, 18) , in wild-type cells we detected strong binding of Spt16 to the 5Ј regions of both ORFs and no binding to a region significantly downstream from the end of each ORF, whereas in H3-L61W cells we observed a dramatic shift in Spt16 distribution toward the 3Ј end of each gene (Fig. 1B, . Although the magnitude of the 3Ј shift for Pob3 was lower than that seen for Spt16, our data, combined with the fact that Spt16 and Pob3 are components of the yFACT complex (3, 9) , support the notion that at least to a large extent, yFACT as a whole is affected in the H3-L61W mutant. Interestingly, we routinely observed increased levels of Spt16 and Pob3 binding to a nontranscribed region on chromosome V (4; this study) as well as increased Spt16 binding to a telomeric region on chromosome VI not associated with transcription in H3-L61W cells compared to the case in wild-type cells (data not shown), suggesting that yFACT might bind abnormally to nontranscribed regions throughout the genome in H3-L61W cells.
The Spt4, Spt6, and Spt16 elongation factors were originally identified through similar genetic selection experiments and are thought to participate in the transcription elongation process through interactions with chromatin (7, 16, 20, 25).
Whereas genetic and biochemical studies indicate that Spt4, Spt6, and Spt16 share some common functional features with each other (11), these three factors are found in different complexes, namely, Spt4/Spt5 (DSIF in humans), Spt6/Iws1, and yFACT, respectively, with distinct biochemical properties (1, 2, 24) . Consistent with the idea that the functions of these complexes are to some degree related with each other, a recent study has shown that Spt4/Spt5, Spt6/Iws1, and yFACT display the same pattern of association across PMA1, ADH1, and several other transcribed genes (13) . However, it is not clear whether these complexes utilize the same or different mechanisms to regulate their association with transcribed genes and whether there is an interdependent relationship in their ability to interact with chromatin.
We took advantage of the H3-L61W mutant to obtain some insights into these questions. For these studies, we performed ChIPs to determine whether the patterns of association of Spt6 Table 1 (except for strain yAAD1128). To normalize for variations in overall IP efficiency between different experiments, the level of binding of a factor to each of the three regions across PMA1 is reported as a ratio of the %IP for that region to the %IP for a genomic region devoid of ORFs (no-ORF region) (4). For the Spt16 and Pob3 experiments, we also show the data solely as %IP for the region of interest (panels B and C, right panels). This allows for a more direct comparison between wild-type and H3-L61W cells in these cases, since we detected a significant increase in Spt16 and Pob3 (but not in Spt4 or Spt6) binding to the no-ORF region in H3-L61W cells compared to that in wildtype cells (see the text). In all cases, the results shown are the means with corresponding standard errors for at least three independent experiments. Asterisks indicate statistically significant changes in the distribution pattern of the elongation factor analyzed as a result of the H3-L61W mutation (see the text). Fig. 1 . In all cases, the graphs show the means with corresponding standard errors for at least three independent experiments. Asterisks indicate statistically significant changes in the distribution pattern of the elongation factor analyzed as a result of the H3-L61W mutation (see the text).
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NOTES EUKARYOT. CELL and Spt4 across the PMA1 and ADH1 genes are affected in H3-L61W cells. The experiments were carried out as described above, but using polyclonal rabbit antibodies specific to Spt6 (a gift from Tim Formosa) and IgG Sepharose for Spt4 (as this protein was tagged with a TAP tag). We found that Spt6 displayed a minor but statistically significant 3Ј shift at both genes in the context of H3-L61W (Fig. 1D [F . The observation that the pattern of chromatin association of yFACT at PMA1 and ADH1 can be uncoupled from that of Spt4 and Spt6 by a mutation (i.e., H3-L61W) provides evidence that (i) there is no strict requirement for the presence of Spt4 or Spt6 for yFACT association with chromatin, since high levels of yFACT are seen at regions of genes (3Ј ends) that are not or only poorly occupied by Spt4 and Spt6; and (ii) the mechanisms that regulate yFACT interaction with genes in vivo are distinct from those regulating chromatin association of Spt4 and Spt6. Spt16 and Spt6 both have histone chaperoning activity, and defects in these factors have been shown to result in cryptic transcription from within ORFs, presumably due to defects in nucleosome assembly in the wake of RNA polymerase II passage (12, 18) . Given these shared characteristics, we entertained the possibility that the cause for the minor distribution shift observed for Spt6 across genes in H3-L61W cells could be a secondary effect of abnormal Spt16-histone H3 interactions and that suppressor mutations that improve Spt16-histone H3 interactions might in turn also suppress the Spt6 distribution defects. To test this possibility, we performed ChIP experiments with H3-L61W cells that also express a previously isolated Spt16 mutant, Spt16-790, that moderately suppresses the Spt16 3Ј-shift phenotype at PMA1 and other genes (4). We found that whereas Spt16-790 significantly suppressed the Spt16 3Ј-shift phenotype at PMA1 in H3-L61W cells (Fig. 3A) (F 2,21 ϭ 16.05; P Ͻ 0.001), the same mutation did not suppress the defect in Spt6 distribution over PMA1 in the context of H3-L61W cells (Fig. 3B) (F 2,15 ϭ 0.57; P ϭ 0.58). These data support the notion that H3-L61W causes its effects on the   FIG. 3 . The Spt16-790 mutant does not ameliorate the minor defect in Spt6 distribution across PMA1 seen in H3-L61W cells. Spt16 and Spt6 ChIP assays were carried out on strain yAAD1128 (H3-L61W Spt16-790) and compared to the data for H3-L61W strains (as already reported in Fig. 1 and provided here to facilitate direct comparison). The regions assayed are the same as those shown in Fig. 1 . The data are presented in the same manner as that in Fig. 1 . The values shown are the means with corresponding standard errors for at least three independent experiments. Statistically significant changes in elongation factor distribution across PMA1 in H3-L61W Spt16-790 cells compared to H3-L61W cells are indicated with an asterisk (see the text). patterns of chromatin association of Spt16 and Spt6 across genes through two distinct, possibly unrelated mechanisms. We previously hypothesized that the presence of H3-L61W may prevent a 3Ј-untranslated region dissociation signal from reaching Spt16 at the end of the transcription process, thereby resulting in a higher abundance of Spt16 at 3Ј versus 5Ј regions of genes (4) . Given recent data showing that Spt16 directly interacts with the globular regions of histones H3 and H4 (22) , this putative signal is likely to involve direct interactions between Spt16 and these histones. The observation that the H3-L61W mutant has only a modest effect on Spt6 and no effect on Spt4 distribution across the genes assayed here suggests that these elongation factors rely on 3Ј-untranslated region dissociation signals that are, at least to some degree, separable from those used by yFACT (i.e., signals that are mostly H3-L61W insensitive). Future work will focus on elucidating the nature of the mechanisms that regulate the dynamic association of yFACT with chromatin during the transcription process. Of particular interest in this regard will be determining the role of posttranslational modifications of histones, such as H2B ubiquitylation, which was recently shown to affect Spt16 function and chromatin association (8, 19) , in regulating the proper departure of yFACT following transcription. In addition, the recent finding that conditions that promote transcriptional stress cause increased levels of histone occupancy and a Chd1-dependent increase in histone H3-K4 methylation at 3Ј ends of genes (27) will be investigated in the context of our model, particularly since Chd1 and yFACT have been shown to interact with each other (14, 21) .
